Essentially, ?he ellipsamtry technique emoLdies the use of liquids that refractive index match with the bulk film thereby reving the optical response of the overlayer and greatly enhancing sensitivity to the interface. According to both time and terature of anneal, distinct modes of behavior are observed for the evolution of the interface. For short anneal times a rapid change in the interface is observed that correlates with the disappearance of protrusions, followed by a slower change that correlates with the disappearance of the suboxide. At high tenperatures viscous relaxation dominates while at low temperatures the suboxide reduction is apparent. A model for the interface in terms of chemical and physical interface processes is proposed and model parameters are compared with literature results.
Introduction
The Si/SiO 2 interface continues to be a topic of intensive study. Of particular importance are properties of the interface such as structure, thickness, uniformity and phase composition which have been explored by numerous methods including transmission electron microscopy, TEM (1-2), infrared spectroscopy (3), lowenergy electron diffraction (4), scanning tunneling microscopy (5), ellipsometry (6-10), and a variety of surface spectroscopies (11).
Presently, ultra-thin SiO 2 films (thickness less then 30 nm) find extensive application in submicron integrated circuit technology where even a small degree of interfacial microroughness or nonuniformity can alter device performance and reliability.
In order to improve interfacial quality, such processing procedures as two-step oxidation process (12-13) and post-oxidation annealing Spectroscopic ellipsometry has been applied to study interfaces under transparent films (17) , and recently we reported an interface enhanced immersion spectroscopic technique (18) , which is sensitive to such interface characteristics as microroughness, thickness and phase composition. In the present study we apply this new method to determine the properties and reactions at the Si/SiO 2 interface during the post-oxidation annealing.
Experimental Procedures and Data Analysis
Single-crystal (100) oriented 2 ncm p-type silicon wafers were cleaned using a slightly modified RCA procedure (19) and thermally oxidized in a fused silica tube furnace in clean dry oxygen to about 24-27 nm SiO 2 at 800 0 C. Upon completion of a particular oxidation one sample was removed without annealing as a control and the others were annealed in a clean nitrogen atmosphere. We used annealing temperatures and times in the range 750-1100 0 C and 1-120 min, respectively.
In order to investigate the Si/SiO 2 interface we have applied a novel enhanced sensitivity spectral and variable angle of incidence immersion ellipsometry technique (18). The key feature of this technique is that spectroscopic and variable angle of incidence ellipsometry measurements are performed in a transparent liquid ambient that has optical properties very close to the those of the SiO 2 overlayer. Therefore, the overlayer film is "optically"
(not physically) eliminated and the probing light beam becomes highly sensitive to the interface properties.
Generally it is difficult to achieve a perfect refractive index match for the liquid ambient, n,, and the SiO 2 overlayer, n , over a broad spectral range. Therefore deviations are accounted for in the analysis (18 aT where X in A is the wavelength of probing beam, parameters n. = 1.4427, a = 5.15x103A2 at T=24.8°C (20) and an/aT=0.00055 at T=20 0 C for pure CC1 4 (21) .
It is known that the refractive index of thin-film SiO 2 overlayers, n,, depends on thickness, L,, oxidation temperature, T., annealing temperature, T., and time, t., index of =he substrate It has been observed that the refractive index of the SiO 2 overlayer undergoes a relaxation during annealing (22) (23) (24) (25) . 
where nf is the refractive index for fully relaxed oxide, and the empirical parameter n=0.17 (22) , which is a measure of the strength of the coupling between the index and relaxation. The relaxation time for the oxide density is expressed as:
where T 0 -2xl0 " 2 min and E,-6 eV (22) . We have assumed that the refractive index of the fully relaxed oxide film is equal to that for the bulk oxide, and thus the spectral dependence nf(X) was calculated with eqn.(2) using A=1.099 and X,=92.27 (10) which corresponds to bulk SiO 2 . The observed initial rapid relaxation of the effective refractive index (23) can be attributed to the evolution of the interface, and a detailed model for this will be discussed below.
In order to obtain unknown interface parameters, we used a Marquardt non-linear best fit algorithm which minimizes the value of the error function:
where P is a vector of unknown interface parameters, E, is the photon energy, 0, is the angle of incidence, and the subscripts cal A commercially available vertical ellipsometer bench was modified to become a rotating analyzer spectroscopic ellipsometer (the essential features were previously described (28)) and calibrated according to a published procedure (29) . A specially designed variable angle of incidence immersion cell that fits on the ellipsometer stage was used (18) . For each sample spectroscopic ellipsometry was performed both in air and CC1 4 in the 2.4-4.0 eV range of photon energies, E, and at two angles of incidence, 0, of 720 and 750.
The measurements yield the ellipsometric angles Ae(E, ,Tw, t) ( Fig.1 ) and *cx(E,0,T,t) as a function of annealing conditions (T., t.).
As was previously discussed (18) the sensitivity of * to interface changes is considerably less than for A, hence only A is used to correlatee with process changes. From the measurements done in air, the thickness of the SiO 2 overlayer was obtained without significant error, because there is very low interface sensitivity for the measurements in air (18) .
In order to obtain interface dependencies, which characterize the evolution of the interface via annealing, we have calculated an effective relative interface parameter:
where Aw(T., t.) is the experimental ellipsometric angle A at an Other information relating to modelling is also included in Fig. 3 , but discussion of these items will be deferred to later sections. It is seen in Fig. 2 that at all annealing temperatures two temporal regions of behavior are present.
Initially, the anneals yield a fast increase in 6A that slows quickly after 5 min and then nearly saturates. Taking the data from 
and an effective dielectric function e.i, which represents a mixture of crystalline silicon c-Si, silicon suboxide SiO, and the Si0 2 overlayer and written as:
C. was calculated using the BEMA, where the dielectric properties, e, and relative volume fractions, f, of all of the interfacial layer constituents are known a priori. The dielectric function of SiO, was calculated using the BEMA, and by considering that SiO, is a mixture of amorphous silicon, a-Si, and Si0 2 (38 
fsi-si 2x f+X iO 2 +x(9
The refractive index of the Si0 2 overlayer was calculated from eqns. (2-4) . The relative volume fractions of the interfacial layer constituents f,-i, fsjx and fsio2 were calculated from the assumed geometry of the interface and given as: The characteristic relaxation time, t, is of the order of a few minutes at 1000 0 C and a few hours at 900 0 C (22) (23) (24) 30) . This strongly suggests that the viscous flow mechanism may be dominant at temperatures higher than -950 0 C, but becomes negligible at lower temperatures and for annealing times less then -1 hsur, i.e. the short annealing times of the present study. Furthermore, the temperature activated exponential nature of a viscous flow mechanism is not evident in Figs 3 and 5 for temperatures below 950°C, but is in evidence in this data at the higher anneal temperatures. From Fig. 3 , we observe that at T.<900C, 6&(T.) (at constant time of annealing) tends to saturation, and the kinetic coefficients a(T.) and 0 (T.) are saturated at T.=900-950 0 C (Fig.5 ).
Yet, at these lower temperatures significant change also occurs in the interface as evidenced in Figs Thermal dissociation of SiO 2 has received recent attention (32) (33) (34) . It was shown that at elevated temperatures and with an oxygen deficiency (vacuum or an inert gas ambient) the SiO' 2 decomposition takes place via an interface reaction (32):
At temperatures T.>-900 0 C voids are formed at the interface after long-term vacuum annealing. The kinetics of the void growth (32) demonstrates that the oxide decomposition reaction is initiated at active defect sites already present at the Si/SiO 2 interface.
Annealing at -750-900 0 C which is insufficient for void growth, transforms these defects into an electrically active state which seem to cause low-field dielectric breakdown (33, 37 (ppm level) present during inert gas annealing, 02 reoxidizes Sio at the defects and prevents the low-field breakdown. This chemistry may lead to a gradual reduction of the active defect sites and causes the saturation of 6At(T.,t.) at T.<900°C seen in Fig.3 . From this data in the low temperature region it can be argued that a reduction both of 02 concentration in the interface layer and the active sites due to oxidation could be a rate-limiting factor.
In the anneal temperature region 900 0 <T.<970 0 C both mechanisms, 
